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In standard cosmology, with the evolution of the universe, the matter density and thermody- 
namic pressure gradually decreases. Also in course of evolution, the matter in the universe obeys 
(or violates) some restrictions or energy conditions. If the matter distribution obeys strong en- 
ergy condition (SEC), the universe is in a decelerating phase while violation of SEC indicates an 
accelerated expansion of the universe. In the period of accelerated expansion the matter may be 
either of quintessence nature or of phantom nature depending on the fulfilment of the weak energy 
condition (WEC) or violation of it. As recent observational evidences demand that the universe 
is going through an accelerated expansion so mater should be either quintessence or phantom in 
nature. In the present work we study the evolution of the universe through the phantom barrier 
(i.e. the dividing line between the quintessence and phantom era) and examine how apparent and 
event horizon change across the barrier. Finally, we investigate the possibility of occurrence of any 
singularity in phantom era. 
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I. INTRODUCTION 

The universe at present should have a phase of deceleration in the context of standard cosmology. But recent 
observational evidences from the discovery of 16 type la Supernova (SNIa) by Riess et al [1] (there are other 
observations namely WMAP [2], SDSS [3] and X-ray [4]) using the Hubble Telescope has provided a distinct 
scenario. Contrary to the standard cosmological predictions it has been speculated that the universe must be 
in an accelerating era instead of a decelerating phase. To incorporate this accelerated expansion, attempts 
have been made to modify Einstein Equations [5] either from the left hand side (i.e. the geometry) or from the 
right hand side (i.e. the matter itself) if not both. Modification of the geometry indicates introduction of some 
modified gravity theory (f(R) gravity, Brane scenario etc) while change in the matter part indicates inclusion 
of some unknown kind of matters having large negative pressure so that SEC (p + 3p > 0) is violated. Such an 
unknown matter is known as dark energy (DE). 

In literature, there are various DE model to match with observational data. The simplest model representing 
DE is the Cosmological Constant which was introduced by Einstein himself, surprisingly many years before 
the starting of DE craze. However, this model of DE is not very popular due to many inherent drawbacks 
(for example fine tuning problem [6]). The other candidates for DE are variable cosmological constant [7], the 
canonical scalar field [8] (quintessence field), scalar field with negative kinetic energy (phantom field) [9] or a 
quintom field [10] (a unified model of quintessence and phantom field). Further a combined effort of quantum 
field theory and gravity leads to speculate some nature of DE and is known as holographic dark energy (HDE) 
model [11]. 

The critical boundary where universe make a transition from quintessence era to the phantom era is 
known as phantom divide line or phantom crossing. In present work, we examine the consequences hap- 
pened when universe leaves quintessence era and enters into the phantom era. We analyze the behavior of the 
horizons (apparent and event) across the phantom barrier and investigate any possible future singularity [12,13]. 
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II. THE EVOLUTION OF THE UNIVERSE: BASIC EQUATIONS 

For simplicity let us start with homogeneous and isotropic model of the universe (namely Friedmann- 
Robertson-Walker(FRW) model), having line element 



dr 2 

ds 2 = -dt 2 + a 2 (t) 



1 — kr 2 



r 2 dn 2 



(1) 



= h ab dx a dx b + R 2 dn 2 

where 

h a b = diag ^ — li j k~^} ' & = 0, 1 with x° — t,x x = r) 

and 

dfl 2 = d9 2 + sin 2 0d(f> 2 is the metric on unit two sphere. 

R = ar is the radius of the sphere(area-radius), 'a' is the scale factor and k = 0, ±1 stands for flat, closed and 
open model of our universe respectively. 

The matter is chosen as a perfect fluid with energy momentum tensor 

Tp„ = (p + p) - pg^ v (2) 

and Einstein field equations are 

o k 8nG 

* 2 + ^ = —P (3) 
H-^ = -4irG{p + p) (4) 

and the energy conservation equation is 

p + 3H(p + p) = (5) 

Combining (3) and (4) we get, 

H + H 2 =« = -^( P + 3 P ) (6) 

Qj o 

The dynamical apparent horizon which is essentially the marginally trapped surface with vanishing expansion, 
is defined as a sphere of radius R = Ra such that 

h ab d a Rd b R = (7) 

which on simplification gives 

Ra = * (8) 

The event horizon on the other hand is defined as [14] 

Re = —a sinh(r) k = — 1 



R E = -ar k = Q (9) 
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Fig.l 

Fig.I represents the variation of energy density with the evolution of the universe in an expanding model. The dotted 
vertical line denotes the phantom divide or phantom barrier line. 



Re = —a sin(r) k = +1 

where r is the usual conformal time defined as 

dt ,„„. 

W) ]Tl< °° (10) 

Note that if |r| = oo, event horizon does not exist. Also the Hubble horizon is given by 

Rh = | (11) 
The time variation of the horizon radii are given by 

Ra = -h(h- R\ (12) 



R E = HR E -^1-^R% (13) 

Rh = ~ (14) 

One may note that the expression for Re given in references [14] and [15] are true only for k = 0. So the 
theorems are valid for flat case only. However, from eq.(13) we see that Re is an increasing or decreasing 
function of time that depends only on whether Re > or < Ra- it does not depend on the nature of the 
matter involved. 
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Fig.II 

Fig.II represents the variation of energy density in an contracting model of the universe in phantom era. 



A. Discussion on the evolution of the Universe and the two horizons: 



We shall now discuss the evolution of the universe both in Quintessence and Phantom eras. Also the behavior 
of the horizons will be studied in these two eras. 

From the conservation equation (5) we see that in Quintessence era p is monotonic decreasing which 
reaches a local minima at the phantom crossing and increases again with the evolution of the universe 
as shown in Fig I. So the matter density has some short of bouncing behavior at the phantom crossing. 
However, if the universe starts contracting in phantom era (i.e., H < 0) then conservation equation demands 
p should still decreases in the phantom era and there is a point of inflexion at the phantom barrier as 
shown in Fig.II . For both the possibilities in phantom era p has peculiar behavior when matter is exotic in 
nature (i.e., p + p < 0). In the first case when universe is expanding p also increases in the phantom era 
indicating some matter creation phenomena (of unknown nature) during that epoch. On the other hand, 
when universe starts contraction in the phantom era, p still decreases, indicating destruction of mass in that era. 

From the above equation (13) we note that Re > demands Re > Ra which is physically justified from the 
very definition of the horizons. Using the field equation (4) in the equation (12) we see that 

Ra > in quintessence era 



< in phantom era. 

Thus both the horizons (as well as the Hubble horizon) increases in the quintessence era. In the phantom 
era, if the universe continue its expansion then Ra gradually decreases and if we assume Re also decreases 
then it decreases more sharply than Ra maintaining the restriction Re < Ra as shown in Fig III. The theorem 
given in Rcf. [15] states that Re < is possible if universe blows up at finite time, indicating a possibility of a 
big rip singularity in phantom era. 

On the other hand if Re still remain expanding in phantom era (see Fig IV.) while Ra decreases then there 
is a possibility of naked singularity in future. 

However, if the universe contracts in the phantom era then Re < and Ra > 0, there is a strange situation 
and it is not physically acceptable. 

In this connection it is worthy to mention that if the matter is in the form of HDE then [16] 
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Fig.III 

Fig. Ill represents variation of event horizon and the apparent horizon respectively in an expanding universe model. 
The dotted vertical line again denotes the phantom divide line. As the previous diagrams left side of which is denoting 
the quintessence era whereas the right hand side represents the phantom era. 
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Fig.IV 

Like Fig.III, Fig.IV also represents two curves showing the variation of event horizon and apparent horizon. The dotted 
vertical line denotes the phantom divide line. The left side of which is denoting the quintessence era whereas the right 

hand side represents the phantom era. 



Re = -R E H{l+cu D ) 

So in the phantom era if the universe expands then Re < so only Fig.III is possible. Further, if universe 
collapses in phantom era then both Re and Ra increases and it is physically unacceptable. Finally we say that 
HDE has some distinct features in phantom era as compared to other fluids. 

For future work, it will be interesting to explain the particle creation in the phantom era with the expansion 
of the universe and possibly the mechanism of particle creation may remove the possible future singularity. 
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